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Abstract-This paper is concerned with the performance of
binary frequency-shift keyed (BFSK) communication over
frequency-selective fading channels in the tactical VHF range.
Channel parameters were extracted from time-series
measurements of channel impulse response data. These data
were recorded during channel measurements in several
mountainous areas in the Austrian Alps with a wideband
channel sounder, developed in our Laboratory. Based on these
parameters expressions of the bit error rate (BER) are derived.
Calculations using the demonstrated method show that for
typical data rates (2kbit/s-20kbit/s) an error floor between 10
-4
and 10
-1 is predicted. An error free uncoded communication in
the tactical VHF range is impossible in these environments.
I. INTRODUCTION
The binary frequency shift keying (BFSK) modulation
schemes and some of their derivatives are the most popular
modulation schemes in the tactical VHF range. This
modulation system is combined with a slow frequency
hopping concept of a few hundred hops per second and
frequency slots of 25kHz.
In a multipath environment synchronous carrier recovery is a
difficult task for these VHF systems, which leads to
consideration of noncoherent demodulation techniques. In
this paper the noncoherent BFSK receiver is analyzed where
a perfect dehopping is assumed.
A well understood prediction of the probability of error is
used for an optimized employment of such communication
systems. Therefore expressions of the BER are derived,
which are based on channel parameters, extracted from
channel impulse response data.
In section II some typical channel measurements in the
mountainous area of the Austrian Alps and the parameter
extraction are presented. In section III the communication
system will be described and the variances of the branch
variables are derived. These variances form the basis of bit
error calculations of section IV. Section V gives some
analytical results and finally section VI offers some
conclusions.
II. CHANNELMEASUREMENTS ANDMODELING
Analyses and results reported in this paper are based on
wideband channel measurements made at the center
frequency of 60MHz. These time-series measurements of
impulse response data were made with an real-time channel
sounder, based on a Surface Acoustic Wave (SAW) pulse
compression technique.
Fig. 1: Power Delay Profile in Aigen im Ennstal 1
The experiments and the measurement equipment are
described in detail in [1] and [2]. For further considerations
we use Power Delay Profiles Ph(ë), which were recorded in
Aigen im Ennstal (Fig. 1 and Fig. 2).
Based on Ph(ë) the channel will be modeled as a sum of
statistically independent fading paths (see Fig. 3) in a noisy
environment. These two processes are assumed to be
statistically independent.
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Fig. 2: Power Delay Profile in Aigen im Ennstal 2
Fig. 3: Parameter extraction
The multipath comprises M-1 fading paths and additionally
in a line of sight (LOS) scenario a direct path {r0,ë0}. Each
fading path results from a different scatter (see Fig. 4). The
m-th path is associated with two random processes rm(t) and
nm(t) that respectively describe the strength coefficient and
the carrier phase shift and the corresponding time delay ëm.
It can be assumed that the channel characteristics do not
vary significantly within a few symbol periods T so that
these processes can be described by the two single random
variables (rm and nm) [3]. Each phase shift nm is assumed to
be uniformly distributed over [0, 2ç] and all path strength rm
are identically Rayleigh distributed with a probability
distribution function:
Fig. 4: Channel model
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Therefore the fading channel will be characterized by the
complex-envelope baseband representation of the time-
variant impulse response.
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For further considerations the mean energy per bit at the
input of the square law detector should be equal to Eb,s ot h e
channel is normalized with the following condition.
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III. SIGNAL ANDSYSTEMDESCRIPTION
In order to simplify the analysis we use the complex-
envelope baseband representation of a BFSK signal [4]
() ~ () ( ) () e x p () st p t k Tat j t kk k =-× F (4)
where
at k
E
T
b ()= (5)
and
F kk
h
T td t ()= 2 2 p (6)
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In these equations ck(t)=is the information bearing function
of the k-th impulse, with kt=¿t<(k+1)T. Eb is the energy per
bit, T is the bit duration and h is the modulation index. p(t)
denotes a rectangular impulse of unit height and duration T.
The chosen value of ak normalizes the transmitted symbol to
energy one. dk is the data symbol belonging to the binary
alphabet {±1}. The BFSK is considered with a modulation
index of h=1, because the most tactical VHF-Radios work in
a frequency hopping mode with frequency slots of 25kHz.
And for a maximum data rate of 20kbit/s the modulation
index must be chosen very small. The baseband
representation at the output of the BFSK modulator is given
by
() []
~() ( ) e x p st
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h
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=- ×+
=-¥
¥
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where nk is a random variable uniformly distributed over [0,
2ç].
Fig. 5: Envelope detector structure
The received signal ~() rt is the convolution of the
transmitted signal ~() stand the channel impulse response
~
(, ) htt distorted by additive zero-mean white Gaussian noise
~() nt with double-sided Power Spectral Density NoW/Hz.
The square law envelope detector is depicted in Fig. 5. It has
two branches. The output of the branch corresponding to
„+1“ data bits is denoted by X(n) and the output
corresponding to „-1“ data bits by Y(n). The two matched
filters are normalized for a noise variance E{N(n)
2} of N0 at
the detector output. Therefore the output X(n) is given by a
signal part U(n) and noise N(n).
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with the term due to the multipath
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where index m denotes the different paths and k denotes the
transmitted symbol. To evaluate U(n) we can write the time
delay ëm as
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where ërmax is the delay of the strongest path. Taking into
account the definition of p(t), U(n) can be written as
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Measured data [2] show that the maximum access delay
(path amplitude > -20dB) of VHF channels in the
mountainous areas is 30 äs. Thus, if only the performance at
transmission rates less than 24kbit/s is considered, the ISI
will be created only by adjacent symbols. Therefore only
time delays ëm,i with i=0 are possible (10).
In the analysis below U(n) will be approximated by a zero-
mean Gaussian random variable with variance êU
2. Taking
into account that E{rm
2}=bm, (12) shows the expected power
of U(n) for all possible bit combinations. Averaging of the
different bit combinations yields the variances of the two
branches as shown in (13) and (14). This variances are the
base of the error calculations in the next section.
The evaluation of the other branch Y(n) underlies the same
procedure.
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IV. BER CALCULATIONS
The probability of error is evaluated for a Rice selective
fading channel. The only assumption is made that the
receiver is time synchronous with the strongest path rmax.I n
the following analysis the bit error rate (BER) Pe is defined
as
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Based on the symmetry of our detector the variances
êU+
2=êV-
2 and êU-
2=êV+
2 and the following simplification is
done
{} [] PP X nY n d d er n n i => = - () () , 1 (1 6)
For the Rice channel the main path is scaled by a
deterministic coefficient r0 and all the other paths have a
Rayleigh characteristic. In this case |X(n)|
2 is noncentral
Chi-Square distributed with two degrees of freedom (17) and
the parameters êX+
2 and Ebr0
2.
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The other branch variable |Y(n)|
2 is exponential distributed
(18) with the parameter êY-
2 [5].
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Hence after some mathematical manipulations, the
conditional probability of error (16) may be expressed as
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Equation 20 also include the error probability for
nonselective and AWGN channels.
The bit error probability of the BFSK modulation in a
nonselective Rice channel is easily deduced by reducing êU+
2
to S0Eb/2 and making êU-
2 zero. For r0
2=0, the performance
reduces to that in a nonselective Rayleigh channel. And on
the other hand, when r0
2 = N=and êU+
2=0, it reduces to the
performance of noncoherent BFSK in an AWGN channel
[4].
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V. BER RESULTS
Typical results of the bit error rate (BER) are shown in Fig.
6 and Fig. 5. The figures show the calculated BER for a
noncoherent BFSK system according to (20), for the given
power delay profiles of Fig. 1 and Fig. 2.
Fig. 6: BER for different data rates Rb b a s e do nt h e
measured channel in Aigen 1
Fig. 7: BER for different data rates Rb b a s e do nt h e
measured channel in Aigen 2
In comparison to the measurement based computations, the
well known bit error rate for a nonselective Rayleigh fading
channel is given.
Each plot shows floors below which the probability of error
cannot be reduced by simply increasing Eb/N0.I fi ti s
required to achieve an error probability that is lower than the
floor, a channel equalization must be used or the
transmission rate must be reduced.
VI. SUMMERY ANDCONCLUSIONS
In this paper, the performance of noncoherent BFSK
communication systems in frequency-selective fading
channels is investigated. Based on channel parameters,
which are extracted from time-series measurements in the
Austrian Alps, expressions for the BER are derived.
The BER results for some typical channel conditions show
that an error free communication is not possible, because for
typical data rates from 2kbit/s to 20kbit/s the error floor is
between 10
-4and 10
-1.
ACKNOWLEDGMENT
The authors wish to thank Brigadier A. Knoll of the
Austrian Ministry of Defense for his initiation and
encouragement of this project that led to the presented paper.
REFERENCES
[1] Gerald L. Berger, H. Safer, F. Seifert, ''Channel Sounder
For the Tactical VHF-Range'', in Proc. IEEE Military
Commun. Conf., pp. 1474-1478, Nov. 1997.
[2] Helmut Safer, G. Berger, F. Seifert, ''Wideband
Propagation Measurements of the VHF-Mobil Radio
Channel in Different Areas of Austria'', in Proc. IEEE
ISSSTA, pp.502-506, 1998.
[3] Bassel Solaiman, A. Glavieux, A. Hillion, "Error
Probability of Fast Frequency Hopping Spread Spectrum
with BFSK Modulation in Selective Rayleigh and Selective
Rician Fading Channels", IEEE Trans. Commun., Vol.
COM-38, pp. 233-240, 1990.
[4] Marvin K Simon, S. M. Hinedi, W. C. Lindsey, ''Digital
Communication Techniques'', Prentice Hall, 1995.
[5] J. G. Proakis, ''Digital Communications'', 3rd edition,
McGraw-Hill, 1995.
0-7803-5538-5/99/$10.00 (c) 1999 IEEE